This review concentrates on studies into the behaviour of natural articular cartilage under boundary lubrication. This includes investigations into the chemical composition at the surface of cartilage, carried out as a means of identifying the boundary lubricant. Studies on the friction of cartilage sliding against cartilage and cartilage sliding steel or glass under conditions expected to be in the boundary regime are described. Additionally, model studies on the possible mechanisms of boundary lubrication using welldefined artificial surfaces are also discussed. Although there appears to be some contradiction between the results of friction measurements, an explanation can, at least in part, be given in terms of the layer of cartilage that is being measured. The different chemical nature and lubricating behaviour of the layers found at or near the surface are discussed in relation to the various results given in the literature.
Introduction
The mechanical, chemical, and biochemical properties of natural articular joints are widely studied for a variety of reasons. On the one hand, it is hoped that a thorough characterisation of natural joints will lead to improved treatments for damage or degenerative disease, such as osteoarthritis and rheumatoid arthritis. Additionally, studies of the lubrication mechanisms of synovial fluid in natural joints often aim to gather sufficient information to mimic these systems either in artificial cartilage or in the aqueous lubrication of man-made systems. A wide range of disciplines and expertise are represented in the field of biotribology and it is, therefore, not realistic to cover all of the literature on natural cartilage in a single review. The excellent tribological properties of natural cartilage can be attributed to many modes of lubrication during reciprocating sliding. Depending on the conditions, lubrication can be in the elastohydrodynamic, mixed or boundary regimes [1] [2] [3] [4] [5] . This review concentrates on studies of the boundary lubrication of natural articular cartilage.
Structure of Natural Articular Cartilage
The most abundant component of cartilage is water, which makes up about 80% of its weight. The bulk is composed of chondrocytes trapped in an extra-cellular matrix (ECM) [6] [7] [8] . This ECM consists of a network of collagen, mainly type II, interdispersed with the proteoglycan aggregate as well as interstitial fluid. Collagen makes up approximately 50-75% of the dry weight of articular cartilage whereas proteoglycans account for approximately 15-30% [7] . The biomechanical properties of cartilage are generally attributed to aggregate trapped in the collagen network due to its large size. Aggregate carries a high negative charge and draws in fluid creating a high osmotic pressure.
Articular cartilage has a hierarchical structure with the highest concentration of collagen in the superficial, or tangential, zone that is situated immediately below the articular surface ( Fig. 1) [8] . The collagen in the superficial zone is orientated tangential to surface, imparting a resistance to shear stress [9] . In the transitional, or middle, zone, the collagen is arranged obliquely and the major component is proteoglycan. The radial, or deep zone, is generally believed to be responsible for the good resistance to compression and the distribution of load. In this zone, the collagen is distributed vertically. The lowest zone, called the calcified zone, contains collagen type 10 and spans the calcified and non-calcified regions [8] .
Surface of Natural Articular Cartilage
Although the surface plays a crucial role in determining the friction properties of a tribological system, not only the precise composition, but also the position of the surface of cartilage, is the subject of some controversy. The uppermost layer is often referred to as the superficial amorphous layer or lamina splendens; however, the nature of this layer has been variously reported in different studies.
The first observation of freshly removed cartilage is, generally, the hydrophobic nature of the surface [10] . Environmental scanning electron microscopy (ESEM) and atomic force microscopy (AFM) were used to demonstrate that this uppermost layer dries rapidly and becomes hydrophobic after removal of the synovial fluid [11] . Additionally, this layer becomes less hydrophobic and eventually dissolves in phosphate buffered saline (PBS). Removal of the uppermost layer allowed a further noncollageneous, granular, hydrophilic layer to be observed. AFM and ESEM showed a clear distinction between both of these layers and the collageneous bulk of the articular cartilage (Fig. 2 ). The ease of removal of the uppermost layer led to the definition of this as the superficial layer and the second, more robust, layer was defined as being the surface [11] .
Sample preparation for scanning and transmission electron microscopy (SEM and TEM) often involves removal of the superficial layer and articular surface, resulting in imaging of the collageneous, tangential zone ( Fig. 1 ). Various procedures have been used to remove the surface including ultrasonication, enzyme digestion and gauze scouring [12, 13] . Electron microscopy has also been carried out on the intact surface [14] . The samples were stored in Ringers solution, thus removing the superficial layer ( Fig. 2a ), and the surface was imaged with ESEM and TEM before and after treatment with sodium dodecylsulphate (SDS). It was found that SDS, a reagent used to reversibly denature proteins, resulted in exposure of the collagen fibres in the tangential zone that were not visible prior to treatment [14] .
Cartilage begins to lose water as soon as it is removed from the synovial fluid and this dehydration leads to changes in the structure that are visible in electron microscopy [15] [16] [17] [18] . Atomic force microscopy, therefore, is usually carried out in a physiological solution such as PBS. Samples imaged after briefly washing or incubating the samples with PBS have shown a non-fibrous, highly viscous layer that has been described as featureless and gel-like [11, [19] [20] [21] . Changes were observed in the mechanical properties of this gel-like layer over time when the cartilage was submersed in PBS [11] . A decrease in adhesion between the AFM tip and the cartilage sample was accompanied by a decrease in the effective modulus of the gel-like layer, which eventually dissolved in the PBS (Fig. 3 ). This behaviour was not observed when the sample was submersed in synovial fluid [11]. Sawae et al. observed a granular structure upon magnification of the images that appears similar to that observed when the gel-like layer was removed with PBS [11, 21] . AFM measurements have also been used to follow the effect of enzymes on the imaged layer [19] [20] [21] . In one study, treatment with chondroitinase resulted in exposure of the collageneous, tangential zone [21] , whereas, in another, wiping the surface and treatment with chondroitinase did not completely remove the upper layer [20] . It is possible that in these studies different amounts of the superficial layer ( Fig. 2a ) are present on the articular surface. Kumar et al. found chondroitinase partially removed and that hyaluronidase had no effect on the imaged layer but that this was removed to expose collagen upon treatment with alkaline protease [19] .
Two collagen-poor layers above the superficial, tangential zone were identified and investigated by Orford and Gardner [22] . The uppermost layer was found to be approximately 50 nm thick and highly anionic but did not contain the sulphated glycosaminoglycans chondroitin sulphate and keratin sulphate. This layer was shown not to contain hyaluronan by its resistance to hyaluronidase digestion. The second layer below this was found to be up to 400 nm thick and hyaluronidase labile. This layer contained chondroitin sulphate and it was, therefore, proposed that it was made up of proteoglycan forming a continuity between the bulk cartilage and the surface [22] . The anionic nature of the surface was also demonstrated by staining with cationic ferritin. It was found that this layer became thinner at 4-8 weeks after removal of the cartilage from the joint [12] .
Biochemical analyses of the uppermost layer of articular cartilage found that this was made up of protein and glycosaminoglycan, suggesting the presence of proteoglycans, and phospholipid [14] . Hydroxyproline was not detected, thus indicating that collagen was not present in this layer. The samples were incubated in Ringer's solution before the layer was removed, therefore, this layer is most probably the surface shown in Fig. 2b . The recovery of this layer in the absence of synovial fluid was investigated by applying a static load to the cartilage submersed in Ringer's solution. A surface amorphous layer did reform, but this had a very different biochemical composition to the original surface [14] .
Boundary Lubricating Components of Synovial Fluid
The observation that the uppermost layer of natural cartilage is hydrophobic led to the proposition that natural joints are lubricated by phospholipids [10, 23, 24] . The phospholipids at the surface of cartilage have been analysed in detail using gas chromatography and electrospray ionisation mass spectrometry [25] . The major components were found to be phosphatidylcholine, phosphatidylethanolamine and sphingomyelin; however, the cartilage samples were treated with mixtures of chloroform and methanol and, therefore, proteins or proteoglycans could not be detected with the techniques used [25] .
Ogston and Stanier concluded that hyaluronan contributes to the lubricating properties of synovial fluid following investigations into flow-resistance [26] [27] [28] . A load was applied to the spherical surface of a glass lens on a glass plate and the interference fringes were measured with a microscope [28] . With air, buffer and serum that had been diluted to give the same protein concentration as synovial fluid, contact between the surfaces was observed at low loads. No significant difference in the diameter of the rings could be detected. In synovial fluid, a slow change in the rings was observed. An irreversible, final state was reached at all loads. It was concluded that synovial fluid had the capacity to form a layer with resistance to static compression that may be responsible for boundary lubrication [28] .
In our laboratories, the superficial layer was removed mechanically from the articular surface of natural bovine cartilage and analysed for phospholipid, protein, glycosaminoglycan and hyaluronan [29] . It was found that the uppermost hydrophobic layer that forms on removal of the cartilage from synovial fluid was made up mostly of phospholipid. The superficial layer also contained protein and sulphated glycosaminoglycan but the major component was hyaluronan [29] . Investigations on the interaction of hyaluronan with di-palmitoyl phosphatidylcholine have provided evidence for the formation of a supramolecular complex. It was also shown that the presence of phospholipid in hyaluronan solutions caused a significant decrease in viscosity [30] . Therefore, the formation of a low-shear strength film with the two components is possible.
The strongest evidence for involvement in the tribological system in natural joints lies with proteoglycan 4 (PRG4). PRG4 is widely known as lubricin, which is homologous to superficial zone protein (SZP) [31] [32] [33] [34] . SZP has a molecular weight of approximately 345 kDa and lubricin of approximately 230-280 kDa. Differences in the protein molecular weight of lubricin and SZP are due to the splicing of exons, nucleic acid sequences in RNA. Chondroitin sulphate was not detected in lubricin whereas this was found, in small amounts, in SZP [33, 35] . The lubricating ability of lubricin has been attributed to the high carbohydrate content of approximately 50 wt.% [36] .
It is widely believed that lubricin acts as a boundary lubricant by attaching to the articular surface [37] . Lubricin has been extracted from the surface of cartilage with PBS containing a high salt concentration (1.5 M NaCl). Staining of the extracted tissue confirmed that lubricin had been removed and also that this layer could reform upon incubation in synovial fluid [38, 39] . Disruption of disulphide bonds by reduction and alkylation reduced the ability of lubricin to bind to the cartilage [38] . Breakage of the disulphide bonds has also been shown to reduce the ability of lubricin to aggregate [40] . Lubricin-mutant mice were bred to demonstrate the importance of lubricin in protecting natural joints from wear [41] . With age, the joints of mice that lacked lubricin showed abnormal deposits of protein on the cartilage. It was concluded from these studies that lubricin not only protects the surface of cartilage, but also plays a role in the control of synovial cell growth. Additionally, the results suggested that lubricin is required to prevent the adsorption of the plasma proteins onto cartilage [41] . As well as preventing non-specific protein adsorption, lubricin has also been shown to reduce cartilage-cartilage integration [41, 42] .
Incubating cartilage samples in 1.5 M NaCl solutions leads to removal of the articular surface to expose the tangential zone ( Fig. 4 ). As this treatment has also been used to remove lubricin, it is possible that lubricin is not the boundary lubricant but actually constitutes the surface of the cartilage. The detection of lubricin and SZP, and the exposure of the collageneous tangential zone on removing these suggest that the lower of the two non-collageneous, surface layers detected by Orford and Gardner is SZP and the upper layer is lubricin ( Fig. 5 ) [22] . The most abundant protein in synovial fluid is albumin and as this does not play a role in natural lubrication, the articular surface must have some degree of protein resistance. It would also be highly disadvantageous if opposing cartilage surfaces were capable of integrating with each other. Further properties that make lubricin and SZP ideal candidates to form the articular surface are their wear resistance, low friction and ability to aggregate and attach to the tangential zone. If this is the case, then the boundary lubricant in synovial fluid must be able to adsorb onto or attach to lubricin to form a low-shear strength layer. As lubricin is a hyaluronanbinding protein [43] , this would provide further support for the proposal that the polysaccharide is involved in boundary lubrication.
Friction Measurements on Cartilage
Kawai et al. measured the friction coefficients for cartilage from the temporomandibular joint and found values in an intact joint of 0.0164 ± 0.0020. Washing the joint with PBS caused an increase in the friction coefficient to 0.0223 ± 0.0050 and scouring the surface of the cartilage with gauze resulted in a further increased to 0.0398 ± 0.0047 [13] . A similar friction behaviour was observed for cartilage sliding against cartilage in canine hip joints where the friction coefficient increased from 0.007 ± 0.004 in the intact joints to 0.020 ± 0.009 after washing [44] . Papain injection into rabbit stifles, the joint in the hindlimbs, in vitro also caused an increase in the friction coefficient from 0.0089 ± 0.0010 in the intact joints to 0.0131 ± 0.0024 following papain treatment [45] . Papain injection caused a slight degeneration of the articular surface and it was found that hyaluronan solutions could reduce the friction coefficients of the damaged samples. On the other hand, when the articular surface was further degenerated by transection of the anterior cruciate ligament, the friction coefficient [22] , and is covered by the superficial layer, which contains hyaluronan and phospholipid [29] increased to 0.020 ± 0.008 and hyaluronan solutions did not cause a reduction in the friction coefficient [45] . When the friction coefficient of bovine cartilage versus cartilage was measured first in PBS and then in synovial fluid, a drop was observed from approximately 0.05 to 0.01 [46] . It was, therefore, concluded that the synovial fluid acts as a boundary lubricant in natural articular joints.
Schmidt et al. investigated the influence of synovial fluid and individual components on friction between cartilage surfaces [47] . The samples were washed thoroughly with PBS before friction measurements, thus removing the superficial layer. An increase in the friction coefficient was observed with increasing dilution of the synovial fluid with PBS. The friction coefficient decreased from 0.29 ± 0.01 in PBS to 0.12 ± 0.01 on addition of hyaluronan and to 0.11 ± 0.01 on addition of PRG4 [47] . The largest drop in friction, to 0.066 ± 0.003, was observed when a mixture of hyaluronan and PRG4 was used as lubricant although this value is still higher than that found for synovial fluid (0.025 ± 0.005). Phospholipid, on its own and together with hyaluronan and PRG4, was found to have little effect on the friction coefficient. Phospholipids were found to have an effect on the lubrication of rabbits with experimental osteoarthritis induced by transection of the anterior cruciate and medial collateral ligament. Solutions of hyaluronan and phospholipid reduced the friction coefficient to a point where it was not significantly different from that in the healthy joint; however, the friction was also not significantly different to that of the osteoarthritic cartilage [48] .
The static and kinetic friction coefficients for bovine cartilage sliding against cartilage in Ringer's solution showed an increase with loading time. The initial kinetic friction coefficient rose to a value on approximately 0.04 after 5 min but then showed a small, gradual increase. The static friction rose to high values of approximately 0.4 after loading for 45 min. Interestingly, treatment of the articular surface with SDS, exposing the collageneous tangential zone, did not cause a significant difference to either the static or kinetic friction coefficients [14] . This was attributed to the ability of the cartilage to maintain a fluid-film when sliding against cartilage. However, when the friction coefficients are compared to those measured by others, it appears that not only the superficial layer, but also the articular surface may be removed during sliding in Ringer's solution [13, 14, 44, 45, 49] .
Measurements on cartilage sliding against cartilage are complicated and often steel or glass sliding against cartilage are measured to provide a well-defined contact or facilitate further measurements at the surface [32, [50] [51] [52] [53] [54] [55] [56] . Friction measurements on steel sliding against cartilage in Ringer's solution and synovial fluid show a strong dependence on time with friction coefficients rising to approximately 0.5 after 2 h [50] . The friction in synovial fluid was only slightly lower than that in Ringer's solution and it was proposed that under the harsh conditions used, the synovial fluid was not able to maintain or replenish the boundary lubricating layer. Alternatively, it was possible that the articular surface was removed both in the synovial fluid and Ringer's solution exposing the tangential layer [50] . This would suggest that synovial fluid is only effective when interacting with the surface and not when in contact with the collageneous bulk of the cartilage. The effect of loading time and intermittent contact on the friction coefficient of steel sliding against cartilage in physiological saline also showed an increase in friction. It was found that intact samples could initially recover the low friction coefficient when the experiment was paused for 60 s, but this effect became weaker with time. The intact samples were washed with PBS in an ultrasonic bath and gave a significantly lower friction coefficient than samples that had been wiped at the surface [50] . The influence of resting time between tests on the friction coefficient was attributed to rehydration of the cartilage. Steel sliding against cartilage has also been used to study the influence of phospholipids on lubrication [56] . The friction coefficient of propylene glycol was compared to that of solutions of dipalmitoyl phosphatidylcholine in propylene glycol. At ambient temperatures, a slight decrease in the friction coefficient was observed at high phospholipid concentration, however, at 35°C no significant change in friction was observed [56] .
An optical apparatus has been used to allow the measurement of the attenuation of reflectance during experiments on a glass prism sliding against cartilage in physiological saline [53, 54] . As in experiments on steel sliding against cartilage, an increase in the friction coefficient with time was observed accompanied by an increase in the attenuation of reflectance. It was concluded from this that an increase in collagen or a decrease in water or saline at the surface of the sample was responsible for increasing friction [54] . However, this could also be viewed as evidence that the non-collageneous, articular surface does play a role in determining the lubrication properties of cartilage. Enzymatic digestion of the cartilage with collagenase was used to demonstrate the importance of the integrity of the collagen network in the friction behaviour [54] . As the collagen network is partially responsible for the mechanical properties, it can be assumed that damaging this will have a fundamental effect on the tribological system.
Lubrication of Model Systems
Uncertainties in the degree of degradation of natural cartilage upon removal from the joint, and the complexity of the system, have resulted in the need to investigate the lubricating ability and mechanisms of components of synovial fluid in model systems. Studies on potential lubrication mechanisms at a molecular level have been carried out with the surface forces apparatus (SFA), which allows normal and shear forces to be measured to a very high degree of accuracy [57] [58] [59] [60] [61] [62] . Studies on hyaluronan, a negatively charged polyelectrolyte, showed that this was not only squeezed out of the contact between the negatively charged mica surfaces, but additionally, at high loads, it was also squeezed out of the contact between positively charged, modified surfaces [59, 61, 62] . The poor compressibility of the polysaccharide was attributed to strong repulsive forces between negative charges on the polymer chain. It was concluded that hyaluronan could only function as a boundary lubricant if forces between the polymer and the surface were stronger than ionic bonding [59] .
The SFA has also been used to investigate the lubrication mechanism of lubricin [40, 58] . It was found that lubricin formed dense layers of thicknesses of 60-100 nm on the negatively charged mica as well as on positively charged and hydrophobic, chemically modified surfaces. The anti-adhesive properties of lubricin were attributed to repulsive normal forces between two layers of lubricin and steric entropic forces similar to those between layers of polymer brushes. At low pressures, low friction coefficients were measured for layers of lubricin adsorbed onto hydrophilic surfaces. The friction increased significantly at pressures above 6 atm; however, the lubricin layer was still able to protect the substrate from damage. The increase in friction at higher pressures was accompanied by a rearrangement of the lubricin layer [40] . Reduction and alkylation of lubricin resulted in the formation of layers that showed a higher friction coefficient at low and high pressures [40] . A widely used model system for cartilage sliding against cartilage is latex sliding against glass [31, 36, [63] [64] [65] . The justification for this is generally that glass is often used in studies on the lubrication of cartilage and latex provides a compliant, hydrophobic surface. While cartilage is undoubtedly compliant, the uppermost layer becomes hydrophobic only upon removal of the sample from synovial fluid. Additionally, the superficial layer is often removed from the articular surface before tribological measurements are carried out. The articular surface has been shown to be negatively charged and as albumin, the most abundant protein in synovial fluid, has not been implicated in lubrication, it can be assumed that the surface is either protein resistant or shows specific protein adsorption behaviour. While artificial surfaces can be helpful in determining possible mechanisms of lubrication of individual components of synovial fluid, they suffer a major drawback in studies on synovial fluid due to adsorption of the plasma proteins. Albumin adsorbs readily onto hydrophilic and hydrophobic surfaces, whereas other plasma proteins may be more sensitive to the surface chemistry. Therefore, although the friction between artificial surfaces sliding in synovial fluid may be primarily determined by the adsorption behaviour of albumin, it will also be influenced by the chemical nature of the other, co-adsorbed plasma proteins. As shown by Zappone et al., the chemistry not only determines the relative proportions of proteins on the surface, but it also influences the structure of the adsorbed protein, which in turn influences the friction coefficient [40, 58] .
Conclusions
A number of conclusions concerning the role of synovial fluid and cartilage components on friction behaviour appear contradictory; however, it is possible that no single component is responsible for lubrication in natural joints. It is important to bear in mind that the whole tribological system contributes to friction behaviour in boundary lubrication. Not only the lubricating ability of synovial fluid but also, for example, the mechanical properties of the bulk and the surface as well as the chemical properties of the surface contribute to determining the friction between the sliding surfaces. Therefore, the integrity of the whole system plays a role in maintaining the good tribological properties of cartilage. That changing any single component leads to an increase in the friction coefficient only indicates that it is a determining part of the system and does not indicate that it is the boundary lubricant. Studies on cartilage sliding against cartilage tend to indicate that removal of the surface has very detrimental effect on friction, suggesting that interactions between the lubricant and the tangential zone do not mimic those between lubricant and surface. A better understanding of natural lubrication may, therefore, be achieved if the chemical nature of the surface was known. Some evidence points to the possibility that this is made up of lubricin. Additionally, the loss of good tribological properties in diseased natural joints may be due to loss of integrity of the bulk cartilage.
